Modelling the ecological niche of hookworm in Brazil based

on climate by Mudenda, Ntombi B. et al.
Modelling the ecological niche of hookworm in Brazil based
on climate
Ntombi B. Mudenda1, John B. Malone1, Michael T. Kearney1, Paula D. Mischler1, Prixia del
Mar Nieto1, Jennifer C. McCarroll1, Penelope Vounatsou2, 3
1Department of Pathobiological Sciences, School of Veterinary Medicine, Louisiana State University, Baton
Rouge, LA 70803, USA; 2Department of Epidemiology and Public Health, Swiss Tropical and Public Health
Institute, P.O. Box, CH-4002, 4051 Basel, Switzerland; 3University of Basel, P.O. Box, CH-4003 Basel,
Switzerland
Abstract. The distribution of hookworm in schistosomiasis-endemic areas in Brazil was mapped based on climate suitability.
Known biological requirements of hookworm were fitted to data in a monthly long-term normal climate grid (18 x 18 km)
using geographical information systems. Hookworm risk models were produced using the growing degree day (GDD) water
budget (WB) concept.  A moisture-adjusted model (MA-GDD) was developed based on accumulation of monthly tempera-
tures above a base temperature of 15 °C (below which there is no lifecycle progression of Necator americanus) conditional
on concurrent monthly values (rain/potential, evapotranspiration) of over 0.4. A second model, designated the gradient
index, was calculated based on the monthly accumulation of the product of GDD and monthly WB values (GDD x WB).
Both parameters had a significant positive correlation to hookworm prevalence. In the northeastern part of Brazil (the
Caatinga), low hookworm prevalence was due to low soil moisture content, while the low prevalence in southern Brazil was
related to low mean monthly temperatures. Both environmental temperature and soil moisture content were found to be
important parameters for predicting the prevalence of N. americanus.
Keywords: hookworm, Necator americanus, risk models, growing degree days, water budget, geographical information sys-
tems, Brazil.
Introduction
Hookworm infection is a worldwide public health
problem particularly in the parts of the world where
poverty levels are high such as the developing coun-
tries of Asia, Africa and Latin America where an esti-
mated 740 million people are infected (WHO, 2011).
Of great concern in hookworm infection is the result-
ant iron deficiency anaemia due to intestinal blood
loss, especially in children and women of reproductive
age and also the reduced cognitive ability of infected
children (Stoltzfus et al., 1996; Brooker et al., 2006b;
Hotez, 2008). Brazil launched a Schistosomiasis
Control Program (SCP) in 1976, which is an active
decentralized, federal programme in the endemic areas
(Amaral et al., 2006). The Kato-Katz technique (Katz
et al., 1972), utilized in this programme for the detec-
tion of Schistosoma mansoni eggs also shows the pres-
ence of many other helminth eggs and several studies
have demonstrated that co-infection of Schistosoma
spp. and soil-transmitted helminths is common,
including hookworm, Ascaris lumbricoides and
Trichuris trichiura (Booth and Bundy, 1992; Booth et
al., 2003; Fleming et al., 2006).
Human hookworm infections are caused by
Necator americanus or Ancylostoma duodenale.
Studies in Brazil have shown that N. americanus is the
predominant hookworm species (Geiger et al., 2004;
Brooker et al., 2006b; Fleming et al., 2006). The eggs
of this species do not develop in temperatures below
15 °C and the larvae prefer shady, moist areas with
temperatures at or above 30 °C but are killed above
45 °C (Udonsi and Atata, 1987). N. americanus fares
best in sandy loam soils where the worms have been
shown to migrate vertically to depths down to 1 m
(Palmer and Reeder, 2001) but most specimens
remain in the top 5 cm layer as long as the soil is
moist (Udonsi et al., 1980). They have been shown to
survive for up to six weeks although the yield
becomes progressively lower over time (Svensson,
1925; Udonsi and Atata, 1987). Beaver (1953) found
that live larval recovery from soil after one week was
less than 40% and others (Croll and Matthews, 1973)
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reported similar findings using A. tubaeforme, show-
ing that the larval activity levels reduced by more
than 50% in the same period of time. Other studies
have shown that larvae survive for longer periods at
lower temperatures (between 20-25 °C) than at tem-
peratures above 30 °C (Svensson, 1925; Udonsi and
Atata, 1987; Udonsi, 1988; Brooker et al., 2006b).
Brooker et al. (2006b) reported that the life expectan-
cy of the free living infective stage of hookworms is 3-
10 days and that of the adult parasite, 3-4 years.
When potential infectivity was assessed, it was found
that larvae lost the ability to penetrate fresh rabbit
skin after 11-15 days (Udonsi, 1988), apparently due
to exhaustion of the worm energy stores.
This evidence suggests that infectivity of hook-
worms in the environment is relatively short, on the
order of a few weeks on average, and that the life cycle
survival strategy of N. americanus is highly dependent
on the 3-4 year longevity of adult worms in infected
human hosts. As a principle of hookworm control,
focus on removal of adult worms may be an effective
strategy, since free-living, infectious, third-stage larvae
(L3) is short lived without replenishment by a stable
population of egg shedding adult worms. According to
World Health Organization (WHO) guidelines for
control of hookworm, prevalence of over 50% is con-
sidered high, 20% to 50% moderate and <20% low.
These prevalence rates guide recommended control
measures and resources devoted to hookworm infec-
tion (WHO, 2011).
Remote sensing and geographical information sys-
tems (GIS) have been used to map distribution of
parasites and diseases as well as to develop predic-
tion models for disease distributions in many regions
of the world. However, it is important to understand
the environmental properties that contribute to the
ecological niche of a particular parasite or vector to
be able to predict the distribution (Malone, 2005).
Risk maps based on known biological requirements
and climatic variables have been employed for a
number of diseases, including malaria (Thomson et
al., 1997; Yang et al., 2010), schistosomiasis
(Lindsay and Thomas, 1999; Malone et al., 2001),
filariasis (Lindsay and Thomas, 1999), leishmaniasis
(Nieto et al., 2006; Salahi-Moghaddam et al., 2010),
among others (Bergquist and Rinaldi, 2010). Such
models have proven to be useful for formulating dis-
ease control programmes in various parts of the
world.
The concept of growing degree days (GDD) and
water budget (WB) provides a measure of thermal-
hydrological regime in relation to species-specific
knowledge of base temperature (below which no
development occurs), optimal temperature range for
development, lethal upper limiting temperatures and
limiting moisture regime in the context of the extrinsic
thermal units (GDD-WB) that must accumulate for a
parasite-vector system to complete one or more gener-
ations. Specifically, the GDD-WB concept has been
used successfully to generate predictive models of fas-
cioliasis in the United States, Ethiopia, Ecuador and
southern Brazil (Malone et al., 1987, 2001; Fuentes et
al., 2005; Dutra et al., 2010; Valencia-López et al.,
2012), schistosomiasis in the People’s Republic of
China and  East Africa (Zhou et al., 2001; Malone,
2005) and visceral leishmaniasis in Bahia, Brazil
(Nieto et al., 2006).
For hookworm, GIS and remote sensing methodolo-
gies have been used to study the spatial distribution of
the parasite and produce risk prediction models for
the African continent (Brooker et al., 2006a),
Kwazulu Natal in South Africa (Mabaso et al., 2003),
and Côte d’Ivoire (Raso et al., 2006). However,
according to the literature consulted, risk maps using
biological data and climate regime have not been
developed for hookworm infection in Brazil on a
national scale.
The study reported here used hookworm prevalence
data concurrently reported as part of surveillance and
control programmes for S. mansoni-endemic areas in
Brazil from 2000-2009. National scale risk maps on
the distribution of hookworm infection were devel-
oped by applying known biological information on
N. americanus to the climate envelope of conditions
suitable for the survival, propagation and transmis-
sion of this hookworm species.
Materials and methods
Brazil, has a mainly tropical climate with five major
ecological zones (FAO, 2001). The hookworm preva-
lence data used were acquired from the Brazilian
national notifiable diseases information system
(Sistema Nacional de Agravos de Notificação –
SINAN) and contained the proportion positive for
hookworm at the municipality level from 2000 to
2009.  Municipalities where less than 100 people were
examined were excluded, resulting in a total of 980
municipality data points. Using these criteria, 30
municipality points were excluded.
The mapping and modelling software used was
ArcGIS 9.3 (ESRI, Redlands, CA, USA). Boundary
map shape files for political units in Brazil were
obtained from a South American Minimum Medical
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GIS database resource (Malone et al., 2007b) using
data downloaded from the DIVA-GIS website
(http://diva.riu.cip.cgiar.org/index.php). The climate
data was a long-term-normal (LTN) climate grid (18
x 18 km cell size) of South America (Corbett, 2005).
Each cell contained monthly long-term, normal,
average data on rainfall, maximum daily tempera-
ture, minimum daily temperature, potential evapo-
transpiration and the ratio of precipitation to poten-
tial evapotranspiration (PPE), also known as water
budget.
The administrative boundary map of Brazil, preva-
lence data points, and climate grid data were import-
ed into ArcGIS and re-projected to ensure that the
coordinate systems were the same. The prevalence
data point map and the climate grid attribute tables
were joined using the polygon-to-point join function
to produce a composite layer for GDD-WB analysis
and calculation of the potential number of transmis-
sion cycles possible per year at positive municipalities.
The values derived were used to extrapolate the model
by calculating model variables for the entire national
municipality map, including municipalities where data
were absent, using the layer properties/symbology
function of ArcGIS.
Construction of the MA-GDD and GDDxWB models
GDD for hookworm were calculated by the field cal-
culator function of ArcMap using a base temperature
of 15 °C for each month as follows (Malone et al.,
2007a):
(Mean monthly temperature – 15) x the number 
of days in a particular month
For annual potential GGD, the monthly GDD’s were
added together for each municipality survey point
using the field calculator function of ArcGIS.
MA-GDD model
The accumulated annual GDD was calculated after
excluding the GDD accumulated in the dry months
(identified as a month when the water budget was less
than 0.4). Soil saturation or “field capacity” is reached
at a value of 1.0 and monthly values above 1.0 have
surplus/runoff water. This cut-off was used because
the prevalence of hookworm in the 2000-2009 hook-
worm survey database from Brazil was found to be
absent or low (<5%) at municipality points with water
budgets <0.4.
Gradient index model (GDDxWB)
Potential GDD and WB for each data point were
multiplied to develop an index in which the tempera-
ture associated development of the hookworm was
related to a moisture gradient (water budget). The gra-
dient index model was calculated for each month. The
average annual value was calculated by summing the
monthly mean GDDxWB values.
Calculation of transmission time and annual transmis-
sion cycles
The mean transmission time was defined as the time
spent in the free-living state of the hookworm, from
deposition of eggs into the environment to infection of
the host by viable L3. It was calculated based on liter-
ature reports (Svensson, 1925; Beaver, 1953; Udonsi,
1988) as follows:
Mean transmission time = the development time 
from egg to infective larva (14 days) + time as 
active infective larva (14 days)
Transmission cycle GDD = (mean transmission time)
x daily GDD
Potential transmission cycles per year values were
calculated based on the number of potential transmis-
sion cycles per annum for hookworm at all survey
data points as follows:
Annual MA-GDD/transmission cycle GDD
Models were then developed using water budget,
GDD and the transmission cycle values to predict
potential risk zones for hookworm transmission in
Brazil.
Model validation
A literature search was conducted to review reports
on independent surveys for prevalence of hookworm
and other soil-transmitted helminths that had been
carried out in Brazil. These results were used to vali-
date the MA-GDD and GDDxWB models.
The Statistical Analysis Software (SAS®, Cary, NC,
USA), was used to determine correlations between
prevalence of hookworm and the variables MA-GDD
and GDDxWB using Pearson correlation. The
Student’s t-test (assuming unequal variances) was used
to determine if there was a significant difference
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between the annual potential GDD and the MA-GDD
or between GDD and GDDxWB. The t-test was also
used to compare the MA-GDD means in the different
prevalence categories (low, medium and high) as well
as the GDDxWB index means in the different preva-
lence categories. Data points with prevalence less than
1% were excluded for statistical analysis resulting in
562 data points of the 980 municipalities with data.
Regression was used to determine the relationship
between mean transmission cycles and the GDDxWB
index.
Results
The mean prevalence of hookworm among the
municipalities in the data set was 5.0% (range = 0-
70.2%; standard deviation (SD) = 8.9%). The preva-
lence distribution at 980 municipality sites is shown in
Table 1, categorized as very low, low, medium and
high prevalence.
There was a significant difference by Student’s t-test
between annual GDD and MA-GDD values
(P <0.001) and between annual GDD and GDDxWB
index (P <0.001). This result showed the importance
of the moisture variable, as measured by water budg-
et, and that the GDD and MA-GDD or GDDxWB
variables could be used independently in the modelling
process. The Pearson correlation coefficients between
hookworm prevalence and MA-GDD and between
hookworm prevalence and GDDxWB index were 0.25
(P <0.001) and 0.38 (P <0.001) respectively. The MA-
GDD and GDDxWB means in the three categories of
prevalence (low, medium, high) were all significantly
different (P <0.001) (i.e. the MA-GDD mean in the
low prevalence group was significantly different from
that in the medium and high prevalence groups and
that between the medium prevalence group was differ-
ent from the high prevalence group). However, the
MA-GDD range in the high prevalence group (mean =
2,197; range = 1,176-3,158) overlapped with the
medium prevalence group range (mean = 1,990; range
= 1,191-3,247).
The relationship between the mean transmission
cycles and GDDxWB index was determined by the
formula y = 251.6+163.6x+12.5x2, where x is mean
transmission cycles and y is GDDxWB. One transmis-
sion cycle therefore translates to a 428 GDDxWB
index value and 14 transmission cycles translate to a
4,992 GDDxWB index value.
The MA-GDD model (Fig. 1) and the GDDxWB
model (Fig. 2) both predicted a low hookworm preva-
lence of <5% in the Caatinga region (characterized by
deserts and xeric shrubs) and in the southern region of
Brazil. The MA-GDD model (Fig. 3) showed that
where the transmission cycles were less than 5 per
year, or more than 14 per year, the hookworm preva-
lence was low (<5%). The GDDxWB index model
showed a low end cut off at 1,300 (Fig. 4) below
which the prevalence of hookworm fell below 5%.
Thirty independent  reports published between 1990
and 2010 by various authors were reviewed and used
for the purpose of validating the climate risk predic-
tion models developed in the current study (Table 2).
These articles covered 16 states out of Brazil’s 26
states. The prevalence of hookworm in the 30 litera-
ture reports ranged from 0 to 80.2% with a mean of
20.3% (SD = 22.3%). The number of people exam-
ined ranged from 54 to 13,279. Sampled populations
ranged from studies on schoolchildren to studies on
whole communities. While the 30 data points avail-
able from literature were limited there was a general
agreement of survey data to the predicted GDDxWB
index risk map (Fig. 5).
Discussion
In the current study on the development of ecologi-
cal niche models for hookworm in Brazil, there was a
need for a standard measure of the developmental
suitability of a site for propagation and transmission
of the parasite based on climate and known biological
parameters that can distinguish low, moderate and
high risk conditions for hookworm disease.
Temperature and moisture environmental parame-
ters are fundamental determinants of the distribution
range and abundance of free-living species
(Andrewartha and Birch, 1954).  The GDD-WB con-
cept provides a measure of thermal-hydrological
regime in relation to species-specific knowledge of
base temperature (below which no development
occurs), optimal temperature for development, upper
lethal limiting temperatures and limiting moisture
regime in the context of the thermal units that must
accumulate for a parasite-vector system to complete
Category
Hookworm 
prevalence (%)
Number 
of municipalities
Very Low
Low
Medium
High
<1
1-4.9
5-19.9
>20
418
298
189
75
Table 1. Distribution of hookworm prevalence among the 980
municipalities surveyed.
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Fig. 1. Risk model for hookworm based on the MA-GDD index. Moderate to high prevalence is most likely to occur between five
and 14 transmission cycles per year (yellow to light blue). Areas with less than five transmission cycles per year (red) are prohibi-
tive to hookworm transmission. Graduated circles (purple) represent municipality data points of low (small circle) to high (large cir-
cle) prevalence.
Fig. 2. Hookworm prevalence risk model based on the GDDxWB index. Areas of low (red) to high (dark blue) prevalence risk are
shown. Graduated circles (purple) represent municipality data points of low (small circle) to high (large circle) prevalence.
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Fig. 3. Scatter plot of hookworm prevalence from municipality
data points against transmission cycles per year. A lower end
cut-off at five transmission cycles, below which the prevalence is
less than 5% and an upper end cut-off at about 14 transmission
cycles, above which the prevalence is less than 5%. The black
line is a trend line (y = 0.9702 · x).
Fig. 4. Scatter plot of hookworm prevalence against the
GDDxWB index. Prevalence levels increase dramatically above
1,300 with no obvious upper limit. The black line is a trend line
(y = 0.0031 · x).
No. State Location/municipality
No. of people 
examined
Hookworm
prevalence (%)
References
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Pernambuco
Rondônia
Minas Gerais
Sao Paulo
Mato Grosso
Ceará
Para
Para
Sergipe
Goiás
Minas Gerais
Paraná
Rio de Janeiro
Piau
Minas Gerais
Minas Gerais
Ceará
Bahia
Paraná
Mato Grosso do Sul
Minas Gerais
Paraná
Amazonas
Bahia
Acre
Minas Gerais
Minas Gerais
Amazonas
Amazonas
Minas Gerais
Sao Lourenco da Mata
Porto Velho
Jaboticatubas
Sao Paolo
Pimentel Barbosa
Fortaleza
Paranatinga
Tomé-Açu
Aracaju
Bambuí
Ortigueira
Rio de Janeiro
So Raimundo Nonato
Uberlandia
Arinos
Cascavel
Salvador
Jataizinho
SidrolΓndia
Americaninhas
Guarapuava
Santa Isabel do Rio Negro
Jequié
Acrelândia
Abadia dos Dourados
Uberlandia
Sáo Gabriel da Cachoeira
Careiro
Patos of Minas
485
111
512
407
461
564
126
93
360
138
2,091
100
82
265
78
305
516
1,893
264
313
1,332
631
307
13,279
429
376
160
333
54
161
80.2
0.9
10.0
0.0
33.6
1.8
33.3
29.0
1.7
18.1
1.4
52.0
8.5
9.4
6.4
31.1
28.5
14.4
3.4
7.0
68.2
1.7
13.1
8.6
7.7
17.8
3.1
75.0
20.4
22.0
Gonçalves et al., 1990
Ferrari et al., 1992
Cury et al., 1994
Ferreira et al., 1994
Santos et al., 1995
Braga et al., 1998
Miranda et al., 1998
Miranda et al., 1999
Tsuyuoka et al., 1999
Cabral et al., 2000
Rocha et al., 2000
Scolari et al., 2000
Gomes et al., 2002
Alves et al., 2003
Oliveira et al., 2003
Geiger et al., 2004
Heukelbach et al., 2004
Moraes and Cairncross, 2004
Lopes et al., 2006
Aguiar et al., 2007
Brooker et al., 2007
Buschini et al., 2007
Carvalho-Costa et al., 2007
Silva et al., 2007
Souza et al., 2007
Machado et al., 2008a
Machado et al., 2008b
Bóia et al., 2009
Melo et al., 2010
Silva and da Silva, 2010
Table 2. Literature reports (1990-2010) on hookworm prevalence in Brazil.
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one or more generations. The environmental tempera-
ture and moisture must be in a suitable range within
the ecological niche of hookworms for the eggs to
hatch and for the larvae to survive (Svensson, 1925;
Udonsi and Atata, 1987). These conditions, correctly
combined, contribute to propagation and transmission
of the infection as long as there are susceptible defini-
tive hosts in the vicinity. We developed and compared
two models to evaluate geographic risk of hookworm
infection based on climate, the MA-GDD and
GDDxWB indices, using a LTN climate grid (18 x 18
km) of Brazil. These two models provide a method in
which indicators of thermal-hydrology regime can be
used to develop risk surfaces for hookworm based on
climate and known biological requirements of the par-
asite. Both indices take into account environmental
temperatures conducive to the development of the free
living stages of the parasite as well as prevailing mois-
ture conditions, although the MA-GDD index consid-
ers moisture above a given threshold of 0.4 and the
GDDxWB index considers the entire range of a gradi-
ent of moisture.
MA-GDD index
The MA-GDD index reflects suitable development
days above the base temperature of 15 °C, wherefrom
the number of “potential transmission cycles” that can
be completed per year at a given 18 x 18 km grid cell
estimated from climate suitability parameters, can be
calculated. Hookworm-infected individuals have been
reported to shed eggs continuously for long periods of
time, which under the right environmental conditions
leads to development of infective larvae and potential
year-round transmission. The developmental time of
the hookworm from L3 to the egg producing adult in
the host is fairly constant with a mean of eight weeks
(Hoagland and Schad, 1978; Beaver, 1988). The vari-
ation in generation time (from egg to egg-producing
adult) arises from the free-living stages of the parasite,
here referred to as the mean transmission cycle period,
which is highly susceptible to variation in environ-
mental conditions. Because hookworms are highly
dependent on moisture for their movement the annual
GDD was adjusted according to ground moisture
(MA-GDD) to exclude months where the mean water
budget was less than 0.4. This threshold was based on
the prevalence data recorded in 2000-2009 from 980
municipalities in areas endemic for schistosomiasis,
which indicated that the prevalence of hookworm was
less than 5% in municipalities where the mean annual
water budget was less than 0.4. This result suggests
that infective larval transmission is impaired as the
soils get drier (Nwosu and Anya, 1980; Udonsi and
Fig. 5. Hookworm prevalence (graduated grey circles) from independent survey reports projected with the GDDxWB model. Low
prevalence (<5%) was seen in areas with low GDDxWB index of less than 1,300 (red).
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Atata, 1987). Since the GDD from those months do
not contribute to the annual accumulated GDD, dry
months were thus not included in the index calcula-
tions.
Evidence from literature reports indicate that the
time from egg to infective larval development can be
up to 14 days at temperatures less than 40 °C (Schad
and Warren, 1990; Brooker et al., 2006b), and the
period of time that the majority of infective larvae
remain active in the environment ranges from one to
four weeks (Svensson, 1925; Beaver, 1953; Udonsi,
1988). Therefore, considering two weeks for develop-
ment to the infective L3 stage and two weeks longevi-
ty (on average) for infective larvae in which they must
find a definitive host, the generation time was estimat-
ed to be four weeks. This criterion was used as an indi-
cator of biological suitability of different climate ther-
mal-hydrological regimes for the purposes of this
study.  However, depending on the basis for calcula-
tion, which references are used, as well as ease of
access to a host, the transmission time can potentially
range from nine days as reported by Palmer and
Reeder  (2001) if infection occurs immediately after
molting to L3, to approximately 51 days (Svensson,
1925; Udonsi, 1988; Palmer and Reeder, 2001), if the
larvae survive in the environment. Our estimation of
the generation time takes into account factors that
may delay the embryonation and hatching of eggs, for
example low temperature and the reported period the
L3 larvae are active in the environment prior to infec-
tion (Table 3). The use of the estimated generation
cycle time parameter is proposed to provide a biology-
based criterion for regional risk modelling based on
the GDD-WB concept.
In comparison to N. americanus, hypobiosis (inter-
ruption of the continuous shedding of eggs) of A. duo-
denale in the human host has been described as a
important part of its strategy in adjusting to environ-
mental stress in temperate and sub-tropical regions
(Nawalinski and Schad, 1974). Because it is not the
predominant species in Brazil, A. duodenale was not
considered in the models developed in the present
study. Hypobiosis, has not been demonstrated in
N. americanus (Loukas and Prociv, 2001) and it is
possible to use the number of mean transmission
cycles per year for describing its distribution and gen-
erating risk map surfaces based on long-lived adult
worm populations.
Using the MA-GDD model, we found that most
areas with a prevalence of above 5% had index values
between 1,500 and 3,000, allowing 5-14 mean trans-
mission cycles per year (Fig. 3). The Caatinga ecologi-
cal zone presents index values below this range, while
regions with the highest MA-GDD index values are
found in the Amazon region, the northern coast area
and the Bahia coastal forests, which are characterized
by moist broadleaf forests. Infective larvae do not sur-
vive well in water without some kind of substrate
(Schad and Warren, 1990) and results suggest that the
larvae may not survive long where there is frequent
flooding and run-off such as in the Bahia coastal
forests. However, early and also more recent literature
reports suggest the Amazon region has a high preva-
lence of indigenous populations (Chandler, 1929;
Botero, 1981; Miranda et al., 1998; Bóia et al., 2009).
A comparison between the MA-GDD index and the
categories of low, moderate and high hookworm
prevalence revealed that there was a significant differ-
ence (Student t-test) in MA-GDD, means between the
low prevalence and the moderate and high prevalence
categories. However, a significant level of heterogene-
ity was observed in the distribution of hookworm in
areas classified as moderate or high prevalence with
over five potential transmission cycles per year.
Variables Value References
Base temperature
Mean annual temperature
Daily GDD
Mean annual potential GDD
Mean transmission cycle time (free-living phase)
Transmission cycle GDDs
Mean egg life expectancy
Adult life span
15 °C
23 °C
8
2970.5
28 days (range 9-51)
224
13-14 days
3-4 years
Udonsi and Atata, 1987
From Brazil climate data
This study
This study
Beaver, 1953; Croll and Matthews, 1973; Udonsi and Atata,
1987; Udonsi, 1988; Palmer and Reeder, 2001
This study
Schad and Warren, 1990
Schad and Warren, 1990
Table 3. Important biological and climatic variables for the transmission of N. americanus used as baseline values for calculations
based on the GDD-WB concept.
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GDDxWB index
In contrast to the MA-GDD index, the GDDxWB
index did not have an upper cut-off point (i.e. maxi-
mum of 14 transmission cycles per year for MA-GDD)
for hookworm prevalence (Fig. 4), and there was a sta-
tistically significant distinction (Student t-test)
between areas of low, moderate and high prevalence of
hookworm with respect to the GDDxWB index. The
low prevalence areas had a GDDxWB index of less
than 1,300, moderate areas ranged between 1,300 and
7,300, while high prevalence areas had values in
excess of 7,300.  The moderate prevalence regions
again included some high prevalence points, showing
that some individual sites present the potential for
high rates of hookworm transmission. Although an
individual site may be in a climate “permissive”
regional zone, it is typical to observe considerable
variation in actual versus potential transmission levels
at individual sites, even in high risk climates, because
of location-specific factors related to poverty, occupa-
tional-agricultural practices or local environment,
such as location along rivers or wetland plains.
Climate risk is therefore an indicator of potential
transmission related to mean transmission of individ-
ual sites in a broader regional climatic envelope
(Malone, 2005). The GDDxWB index provides the
advantage of measuring a moisture availability gradi-
ent of suitability but not the number of transmission
cycles per year.
In risk maps, based on both the MA-GDD and
GDDxWB indices, results suggest that the low temper-
ature (mean temperatures less than 21 °C) is the factor
inhibiting hookworm transmission in southern Brazil
as the climate in this region is much cooler, with mini-
mum temperatures commonly falling below the base
temperature (15 °C) for hatching of hookworm eggs
(Schad and Warren, 1990). The GDDxWB index
model had a significantly higher correlation coefficient
for hookworm prevalence as compared to the MA-
GDD index (0.38 versus 0.25). This may be due to the
fact that the latter index did not have a completely lin-
ear relationship with hookworm prevalence, having an
upper end cut-off (3,000 MA-GDD; 14 transmission
cycles per year) beyond which the prevalence dropped
to less than 5% (Fig. 3). The majority of the points
with over 14 transmission cycles per year are in the
very moist coastal forest of Bahia where runoff could
contribute to the low prevalence.
Although there were 980 municipality points to con-
sider and the Kato-Katz method was used (Machado,
1982), it was not defined how standardized the meth-
ods of surveillance were in terms of numbers and ages
of people examined. The most ideal would have been
regular surveillance of schoolchildren as recommended
by WHO and the Brazilian SCP (Machado, 1982), in
which an average of about 30% of the population
would be examined when exceeding 100. However,
from the numbers of people examined, it was thought
not to be the case followed in data collection, especial-
ly in municipalities where very low numbers of people
were examined, in which case the proportion of the
population found to be positive would most probably
not be representative of the population in the munici-
pality. Hence, we adopted the criterion of exclusion of
data points with less than 100 people examined.
Data validation
From the independent surveys reported in literature
that were used to validate the models, the majority of
the points fit better in the GDDxWB model (Fig. 5)
than in the MA-GDD model, suggesting that there is
no upper limit to the thermal hydrologic index with
regard to hookworm transmission in Brazil. Findings
from the 30 site surveys indicate high prevalence of
hookworm in the Amazon basin, which is consistent
with assumptions by Chandler (1929) as well as pre-
dictions by our GDDxWB model. According to early
studies by the Department of the Rural Endemic
Diseases (Departmento Nacional de Endemias Rurais,
1962) hookworm does occur in most of the country,
including the Amazon region but has lower prevalence
in the drier areas of the northeastern part of the coun-
try. A limitation in the validation database was the
availability of only 30 data points, all of which lay out-
side the Caatinga. Provision of water at the microenvi-
ronment level through human activities, e.g. the sugar
plantations in Sao Lourenco da Mata, Pernambuco,
which had a prevalence of 80% (Gonçalves et al.,
1990), facilitates the creation of an ideal hookworm
environment. In order to further validate the models
produced, a comprehensive national survey for STHs is
needed, since hookworm often is found together with
other STHs (Fleming et al., 2006). This should include
areas of limited surveillance for schistosomiasis such as
in the Amazon basin and the Caatinga areas.
Other environmental variables, identified in the lit-
erature as important for hookworm transmission and
propagation, include soil type, slope, altitude and land
surface temperature measurements derived from satel-
lites  (Udonsi et al., 1980; Mabaso et al., 2003;
Brooker et al., 2006b). The areas on the northeastern
coast line of Brazil showed high hookworm preva-
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lence, a finding similar to that reported  by Mabaso et
al. (2003) who found that the soils were sandy loam
and conducive for vertical migration of hookworm
larvae (Payne, 1923; Udonsi, 1988). Soil texture has a
strong association with soil moisture content (Payne,
1923), which has been shown to possess a positive lin-
ear correlation with hookworm infection levels
(Nwosu and Anya, 1980). Socio-economic status has
long been recognized as an important variable relating
to parasitic infections, including hookworm (Hotez,
2008; Salahi-Moghaddam et al., 2010). Several stud-
ies have shown a similar trend in Brazil (Kobayashi et
al., 1995; Fleming et al., 2006; Brooker et al., 2007).
As this was a climate-based model, it did not take into
account other factors relating to the prevalence of
hookworm and future studies should be directed
towards investigating these factors.
Vegetation cover or shade have been shown to be
important for the longevity of hookworm larvae
(Udonsi and Atata, 1987). The models produced in the
current study show low risk in forested areas such as
the Bahia coastal forest, which has similar ecological
characteristics to the vegetation of the Amazon basin.
Other factors such as deforestation in areas where
humans live or better sanitary practices may account
for this difference. Addictional surveys are necessary
to further refine the effect of climate alone and to val-
idate the influence of these factors.
Conclusions
The prevalence of hookworm in Brazil appears to be
strongly related to both warmer and moister climatic
conditions where the GDDxWB index is above 1,300
and where the MA-GDD index dictates a minimum
number of five transmission cycles per year.
Low prevalence is predicted in arid areas, e.g. the
Caatinga with GDDxWB < 1,300 and a number of
potential transmission cycles less than five, or areas
characterized mean monthly temperatures below
21 °C as for example seen in the areas south of Sao
Paulo. This study supports the validity of the GDD-WB
concept for use in mapping risk areas for hookworm.
There is need for a systematic national survey for
hookworm and other STHs in Brazil to elucidate STH
disease risk outside the schistosomiasis endemic areas
where limited surveillance exists.
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